The photolytic characteristics of benzothiostrobin were investigated in solution and on soil and glass surface. The main influence factors such as initial concentration, organic solvent and the aqueous environmental substances, including NO À 2 , NO À 3 , Fe 2þ , Fe 3þ , H 2 O 2 and turbidity were investigated. Three photodegradation products of benzothiostrobin were identified by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). The photodegradation rates of benzothiostrobin increased with decreasing initial concentration of benzothiostrobin. The degradation rates of benzothiostrobin in different organic solvent showed the following order: n-hexane > methanol > acetonitrile > acetone. The photodegradation of benzothiostrobin was promoted by Fe 3þ , NO À 2 and H 2 O 2 , and were inhibited by Fe 2þ and turbidity. The presence of NO À 3 had no effect on photodegradation. Benzothiostrobin was photodegraded at a slower rate on soil surface and glass surface compared to its photolysis in aqueous solution. The presumed photodegradation pathway was proposed to be the cleavage of the thioether bond in benzothiostrobin.
INTRODUCTION
As pesticides are applied to environmental media such as air, water, and soil, the pesticide residue may have potential adverse impact on the environment. Understanding pesticide environmental behaviour could help to provide a scientific basis for reasonable using and environmental fate evaluation. Among the various environmental behaviours, the photodegradation of pesticide is considered an important degradation mechanism in natural environment. Many factors such as media, light sources, chemical properties of pesticides and some environment coexistence substances could affect the photodegradation of pesticide (Kundu et al. ; Araujo et al. ; Halladja et al. ) . Pesticides may undergo direct photolysis by direct photon absorption of pollutant molecule or indirect photolysis by photo-transformations caused by the absorption of light by other compounds present in natural environment. These compounds can absorb the solar radiation to reach an excited state and, subsequently, generate free radicals composed of reactive oxygen species (Burrows et al. ; Reddy & Kim ) , such as inorganic salt, dissolved organic matter (humic and fulvic acid) in water and soil.
The transformation products in degradation process are sometimes more toxic or persistent in the environment and pose a greater risk to the environment than the parent compound (Sakellarides et al. ; Sinclair & Boxall ) . It is necessary to identify the degradation products and confirm the degradation pathway of pesticides in the environment for pesticide environmental safety evaluation and rationed use.
Strobilurin fungicides represent one of the most important groups of pesticides currently using worldwide for control of fungal pathogens through inhibition of electron transport between cytochrome b and cytochrome c1 in the mitochondrial respiratory chain leading to disruption of the production of ATP (Anke ; Bartlett et al. ) . Benzothiostrobin, [(E)-2-[2-(5-methoxy-benzothiazol-2-methylthio) phenyl]-3-methoxyacrylate], which exhibits highly efficient control of most fungal diseases in crops (Howell et al. ; Cao et al. ) is a novel strobilurin fungicide developed by Central China Normal University. In previous works, the degradation of many strobilurin fungicides, such as azoxystrobin, trifloxystrobin and kresoxim-methyl, have been reported (Howell et al. ; Rahman et al. ; Cao et al. ) . However, there are no reports about the photodegradation and fate in the environment of benzothiostrobin.
In this paper, the photodegradation of benzothiostrobin in liquid media and on soil surface and glass surface were investigated under various experimental conditions including initial concentration of benzothiostrobin, and the water constituents such as NO À 2 , NO À 3 , Fe 2þ , Fe 3þ , H 2 O 2 and turbidity were also evaluated. The degradation products in aqueous under xenon lamp irradiation were identified by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and the degradation pathways were proposed.
EXPERIMENTAL Chemicals and materials
Benzothiostrobin (99.07% purity) was obtained from Central China Normal University (Wuhan, China). High-performance liquid chromatography (HPLC)-grade acetonitrile was purchased from TEDIA (Fairfield, USA), and the mobile phase was filtered through the 0.22 μm filter membrane (Tengda, Tianjin, China). Methanol, acetone, n-hexane, acetonitrile, potassium nitrate, sodium nitrite, ferric chloride, ferrous sulfate and hydrogen peroxide (30%) of analytical grade were purchased from Sinopharm Chemical Reagent Beijing Co. Ltd (Beijing, China). Purified water was obtained using a MUL-9000 water purification system (Nanjing Zongxin Water Equipment Co. Ltd, China). The concentration of benzothiostrobin was measured by Agilent 1260 HPLC system (Agilent, USA) which is equipped with UV detector.
Soil samples were collected from the surface layer (0-10 cm depth) of Nanjing. The soil samples were airdried at room temperature and passed through a 0.38 mm sieve. The physicochemical characteristics of test soil were as follows: pH 6.49; organic matter 0.92%; cation exchange capability 22.8 cmol kg À1 .
Photodegradation experiments
Photochemical experiments were carried using a XT5409-XPC xenon-arc photostability test chamber (Xutemp, Hangzou, China) equipped with a vertical xenon lamp and a horizontal xenon lamp. The real radiation reach the solution light intensity were obtained by ultraviolet irradiation meter (UV-365) was 0.55 mw cm À2 . All experiments were carried out at a temperature of 25 ± 1 W C.
The photodegradation of benzothiostrobin in liquid media proceeded under vertical xenon lamp as the radiation source. The quartz tubes contained 20 mL of each samples were suspended in the photostability test chamber and samples were withdrawn at different irradiation times and subsequently analyzed by the HPLC. The control experiments were carried out at the same time under identical conditions but in the absence of irradiation.
The solution of 5.0 mg L À1 benzothiostrobin in ultrapure water, lake water and sea water were used to evaluate the photodegradation kinetics of benzothiostrobin. The benzothiostrobin range from 5.0 mg L À1 to 40 mg L À1 in methanol were used to study the effect of initial concentrations. The solutions of benzothiostrobin were prepared at 5 mg L À1 in acetonitrile, methanol, n-hexane and acetone to evaluate the effect of organic solvent on photodegradation of benzothiostrobin. Furthermore, experiments were conducted in aqueous solution with 5.0 mg L À1 benzothiostrobin to evaluate the effect of water constituents including NO À 2 , NO À 3 at 5, 10, 20, 50 mg L À1 ; Fe 2þ (the pH was adjusted to 2.12), Fe 3þ at 0.5, 1, 5, 10 mmol L À1 ; H 2 O 2 at 0.5, 5, 10, 25 mol L À1 and experiments were also carried out for different solution turbidity at 0.5, 5, 20, 50 NTU by adding Formazin turbidity standard 1,000 NTU to sample solution.
Photodegradation of benzothiostrobin on soil surface was accomplished by soil thin layer in quartz petri dish (9 cm). The soil slurry containing 4 g pretreatment of soil samples were evenly spread on quartz petri dish, dried at room temperature in the dark and the soil layer thickness was 0.5-1.0 mm. The acetone solution of benzothiostrobin (1 mL, 20 mg L À1 ) was pipetted onto the soil thin layer and evaporated at room temperature and randomly located in the photostability test chamber under the horizontal xenon lamp. The height of the lamp above the soil samples was 10 cm. The samples were withdrawn at different irradiation times and analyzed by the HPLC.
To study the photodegradation of benzothiostrobin on glass surface, the acetone solution of benzothiostrobin (1 mL, 20 mg L À1 ) was pipetted onto quartz petri dish. The solvent was volatilized at room temperature leaving a benzothiostrobin thin layer. Then the quartz petri dishes were also exposed under the horizontal xenon lamp at different time intervals. After irradiation, the glass disks were rinsed with methanol (5 mL) to perform subsequent analysis by HPLC.
Pesticide extraction
The aqueous, acetonitrile and methanol samples (1 mL) were collected at different times and directly analyzed by HPLC-UV. The solvent of the samples in acetone and n-hexane were dried using Nitrogen Blowing Instrument (Organomation, USA) and dissolved in methanol and analyzed by HPLC-UV. The soil samples were extracted with 50 mL acetonitrile in the polypropylene centrifuge tube, the mixture was homogenized at high speed for 3 min on the vortex mixer followed by sonicating for 10 min. Subsequently, 2 g sodium chloride and 4 g anhydrous magnesium sulfate were added then vortexed vigorously for 1 min and centrifuged for 5 min at 4,000 rpm. The supernatant (25 mL) was evaporated to dryness on the rotary evaporator at 45 W C and redissolved in 2 mL mixture of acetonitrile and water (75:25, v/v) and filtered through 0.22 μm filter before HPLC-UV analysis.
Analytical methods
Benzothiostrobin was determined by an Agilent 1260 HPLC-UV (Agilent, USA) on Eclipse XDB-C18 reversedphase column (250 mm × 4.6 mm × 5 μm). The acetonitrile: water 75:25 (v/v) were used as mobile phase flowing 1.0 mL min À1 at 30 W C, monitoring wavelength was 230 nm and injection 20 μL. Under these conditions, the retention time of benzothiostrobin was about 6.7 min. Good linearity was observed for benzothiostrobin within the range of 0.05-10 mg L À1 , which the linear regression equation was y ¼ 114.68x-0.3971(R 2 ¼ 1). The recoveries of benzothiostrobin on the soil samples were carried out in quintuplicate at three fortified concentration levels (0.05, 0.50, 5.00 mg kg À1 ). The average recoveries were 96.90%, 93.08% and 90.90%, respectively; the relative standard deviation ranged from 0.83% to 2.80%.
The photoproducts of benzothiostrobin were identified by Waters UPLC-xevo TQ-S micro tandem quadrupole mass spectrometer (Waters, USA) on ACQUITY UPLC BEH C18 reversed-phase column (2.1 × 100 mm, 1.7 μm) The methanol: water acidified (0.1% of formic acid) 70:30 (v/v) were used as mobile phase flowing 0.3 mL min À1 and injection volume was 5 μL. The electro-spray ionization source was operated using the positive mode with capillary voltage of 2,800 V and the ion source temperature of 150 W C.
The solvent gas flow rate was 800 L h À1 . The spectra were set to scan a mass range of 50-500 m/z. All the operations, acquisition and analysis were controlled by Mass Hunter Workstation.
Data analysis
The photodegradation kinetics of benzothiostrobin were followed the first-order kinetics. The degradation rate constant (k) and half-life (t 1/2 ) were calculated according to the equations:
The C 0 (mg L À1 ) and C t (mg L À1 ) are the concentrations of benzothiostrobin at times zero and t, respectively; t was the irradiation time, and k is the rate constant (h À1 ) of the photodegradation.
RESULTS AND DISCUSSION

Kinetics of photodegradation of benzothiostrobin in aqueous solution
The photodegradation kinetics experiments of benzothiostrobin were carried out in ultrapure water, lake water and sea water under xenon lamp irradiation which fit the solar radiation spectrum best over the whole range of spectral emission (Samsonov & Pokrovskii ) . Table 1 shows that benzothiostrobin photodegradation followed first-order kinetics, the benzothiostrobin photodegradation rate constant were 0.4174 ± 0.0143 h À1 , 0.4209 ± 0.0577 h À1 , 0.4442 ± 0.0524 h À1 and the half-life were 1.66 ± 0.06 h, 1.72 ± 0.11 h, 1.56 ± 0.07 h in ultrapure water (pH ¼ 7.0), lake water (pH ¼ 6.5) and sea water (pH ¼ 7.9), respectively. The result showed that photodegradation rate constant and the half-life of benzothiostrobin were not significant difference in three kinds of water. The photodegradation rate accelerated with increasing pH of water. The benzothiostrobin was easily photolyzed in aqueous according to the test guidelines on environment safety assessment for chemical pesticides (GB/T  ). The control experiments in the dark showed that there was no evident degradation of benzothiostrobin at the same time.
The pH of the three aqueous solutions increased (the pH was promoted from 7.0 to 7.51 in the ultrapure water, from 6.50 to 6.93 in the lake water and from 7.90 to 8.13 in the sea water) during the photolysis reaction.
Effect of initial concentration on photodegradation of benzothiostrobin
The effects of the initial concentration of benzothiostrobin are shown in Figure 1 . The results showed that the photodegradation rates decreased with increasing concentration of benzothiostrobin from 5.0 mg L À1 to 40 mg L À1 and the half-life varied from 1.03 ± 0.14 to 5.97 ± 0.10 h. Similar results have been reported on degradation of abamectin and butachlor (Hua et al. ; Zhang et al. ) . In certain radiation energy, the higher the concentration of benzothiostrobin, the lower the molecules absorb light energy, and concentration of photolysis products were increased and reduced the light absorption of benzothiostrobin. Table 2 shows that the photodegradation rates of benzothiostrobin followed this order: n-hexane > methanol > acetonitrile > acetone, with half-lives of 0.75 ± 0.42, 1.03 ± 0.13, 1.24 ± 0.13 and 3.57 ± 0.07 h, respectively. It is noteworthy that benzothiostrobin was photodegraded at a faster rate in n-hexane, methanol and acetonitrile, but slower in acetone. These results indicated that photolysis rates were not directly related to the polarity of organic solvent (the polarity of the tested organic solvents was n-hexane: 0, methanol: 6.6, acetonitrile: 6.2, acetone: 5.4, respectively). The results were in accordance with previous studies on photochemistry of hexaflumuron (Lu et al. ) .
Effects of organic solvent on photodegradation of benzothiostrobin
Effect of ferric and ferrous ions on photodegradation of benzothiostrobin
The effects of ferric and ferrous ions on photodegradation of benzothiostrobin in aqueous solution are shown in Figure 2(a) . It can be seen that when the concentrations of Fe 3þ ranged from 1.0 to 10 mmol L À1 , the half-life of benzothiostrobin decreased from 1.34 ± 0.20 to 0.09 ± 0.08 h, however it was worth to mention that at 0.5 mmol L À1 the half-life increased to 1.95 ± 0.08 h. The results indicated that Fe 3þ played a photosensitizer role at high concentrations in benzothiostrobin photolysis.
The experiments were conducted using 0.5, 1, 5 and 10 mmol L À1 Fe 3þ concentrations by spiking FeCl 3 ·6H 2 O stock solution, which aqueous solution is strongly acidic. Under our experimental conditions, the pH was promoted from 2.44 to 3.64, where the iron(III) mainly exists as Fe 3þ , Fe(OH) 2þ and dimer Fe 2 (OH) 4þ 2 . Fe(III)-aquo complexes undergo a photoredox process with UV and near-UV light giving rise to Fe 2þ and HO• radicals and Fe(OH) 2þ species can be photolyzed to produce HO• radicals according to the following reactions (Amiri et al. ; Mazellier et al. ) . The formation of HO • radicals increased the photodegradation rates of benzothiostrobin. The reason about 0.5 mmol L À1 Fe 3þ decreased degradation of benzothiostrobin may due to the effect of filtering and screening of Fe 2þ generated in the reaction is larger than the efficiency of the presence of HO • radicals.
In addition, the organic molecule can form a complex with the Fe(III) ion and undergoes a direct photolysis (Mazellier et al. ) , this process can be simplified as follows:
In contrast, the present of Fe 2þ had an inhibitory effect. Its half-lives increased from 2.05 ± 0.12 to 2.81 ± 0.13 h as the Fe 2þ concentrations increased from 0.5 to 10 mmol L À1 . The effect of Fe 2þ were conducted by spiking FeSO 4 ·7H 2 O stock solution, which the pH was adjusted to 2.12 to avoid ferrous precipitation interfered with the experimental results. With the increase of irradiation time, the pH of aqueous solution was promoted from 2.12 to 4.16. Although the HO • radicals increased the photodegradation rates of benzothiostrobin, the reason about Fe 2þ decreased degradation of benzothiostrobin due to the effect of filtering and screening of Fe 2þ generated in the reaction is larger than the efficiency of the presence of HO • radicals.
Effect of nitrate and nitrite ions on photodegradation of benzothiostrobin
Nitrate and nitrite are the ubiquitous constituent in natural waters (Nazeer et al. ) . As shown in Figure 2(b) , the degradation rates showed no significant differences compared with the control when the concentration of nitrate increased from 1 to 50 mg L À1 , However, nitrite enhanced the photodegradation efficiency of benzothiostrobin, the half-life decreased from 1.47 ± 0.03 to 0.91 ± 0.06 h with the concentration changing from 1 to 50 mg L À1 . This result due to their photolysis leads to the formation of HO • radicals under light irradiation. However, nitrate can inhibit direct photolysis due to its light absorption. The results showed that nitrate had no significant effect on benzothiostrobin and this could be attributed to the fact that the irradiating power available in the solution of nitrate ions' photolysis can be significantly reduced by nitrate light absorption. Similar results were obtained for photodegradation of alloxydim Effect of hydrogen peroxide and solution turbidity on photodegradation of benzothiostrobin As shown in Table 3 , H 2 O 2 leads to increased photodegradation rates of benzothiostrobin at the concentrations ranging from 0.5 to 25 mmol L À1 , while the most significant promoting effect was observed at 5 mmol L À1 with half-life 1.03 ± 0.13 h. These results can be explained by the photolysis of 
The solution turbidity is another important parameter that affect pesticides photodegradation, which is caused by organic matter, phytoplankton, pigment, mineral and suspended sediment. The effects of solution turbidity on photodegradation of benzothiostrobin are shown in Table 3 . The half-life increased from 1.66 ± 0.06 to 2.15 ± 0.14 h as the turbidity increased from 0 to 50 NTU. The effect of turbidity due to the high turbidity decreased the transmittance and shielded light absorption of benzothiostrobin.
Photodegradation of benzothiostrobin on soil and glass surface
The most of pesticides applied in the fields would enter soils directly and indirectly and can not only cause harm to the crops, but also can be harmful to human health through bioaccumulation or food chain. Photolysis of pesticide on soil surface is the main method of pesticide degradation in soils. In addition, it is not possible to distinguish direct and indirect photolysis when the presence of natural substances acting as a filter, photosensitizer or quencher. The glass surface is considered to be a good first approach to investigate surface photodegradation of pesticides without any natural substances (Katagi ; Schippers & Schwack ) . Therefore, experiments were performed on thin layer of soil and glass surface to simulate the photodegradation of benzothiostrobin on the simplest models of soil surface. As shown in Figure 3 , benzothiostrobin was photodegraded at a slower rate on surface systems compared to its photolysis in aqueous solution. The half-life of benzothiostrobin in water was 1.66 ± 0.06 h, while on soil surface and glass surface were much slower with half-life 138.7 ± 2.97 h and 4.08 ± 0.27 h, respectively. After a 10-day period of irradiation by xenon lamp, only 78% of benzothiostrobin was degraded on soil surface, while on glass surface benzothiostrobin was completely degraded after 10 h irradiation, and no significant changes were observed for the benzothiostrobin concentrations of control experiments in the dark. The pesticide molecules exist on the soil surface particles by adsorption and combination states, which is very different from the liquid molecular characteristics in the homogeneous phase. Generally, the light penetration depth in soils is limited, and the shielding effect of soils may be another important reason for the slower rate of the photodegradation. In addition, the presence of light quenching substances in soils can also slow down the rate of benzothiostrobin photolysis. The reason for benzothiostrobin degraded more slowly on glass surface than in aqueous solution, due to the presence of reactive species in water and the dissolved oxygen in the water will cause the photooxidation under light irradiation According to the test guidelines on environment safety assessment for chemical pesticides, benzothiostrobin was relatively easy photolysis on glass surface while difficult photolysis on soil surface.
Photodegradation products and pathway
The photodegradation products of benzothiostrobin in aqueous were identified by UPLC-MS/MS. The four products had been obtained under the 10 h xenon irradiation. The product D was the benzothiostrobin standard with the retention time 17.8 min. According to the molecular ion peak and major fragment ions (Zhao & Yang ) , the product A can be speculated as 2-(2-methylthio)phenyl-methoxypropanoate (the retention time 2.1 min) with the [M-H þ Na] þ ions at m/z 246. The product B can be speculated as 5-methoxy-benzothiazol (the retention time 8.9 min) with the [M þ H] þ ions at m/z 166. It has come to notice that the product C (the retention time 16.7 min) has identical MS information to the product D with the [M þ H] þ at m/z 402 and the major fragment ions at m/z 370, 342, 205, 198, 146 , but they have different retention times. So the product C was speculated to be the isomers of benzothiostrobin. The benzothiostrobin had isomerized from E to Z-configuration at double bond during the photolysis process.
The possible photodegradation pathway of benzothiostrobin in aqueous is suggested in Figure 4 . The thioether bond of benzothiostrobin was cleaved in the photodegradation.
CONCLUSION
Photodegradation of benzothiostrobin in liquid media or on soil surface followed first-order kinetics. The photodegradation rate decreased with increasing concentration of benzothiostrobin. Photolytic processes in different organic solvent showed different degradation rates, which had the fastest rate in n-hexane but slowest in acetone. The photodegradation of benzothiostrobin occurred more easily in the present of Fe 3þ , NO 2À and H 2 O 2 , whereas Fe 2þ and turbidity reduced the photodegradation rates. The possible photodegradation pathway of benzothiostrobin in aqueous under xenon lamp irradiation was the cleavage of the thioether bond. Benzothiostrobin showed easy photodegradation in aqueous solution, relatively easy photodegradation on glass surface and difficult photodegradation on soil surface. 
